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Edited by Vladimir SkulachevAbstract To gain insight into the processes by which acetic
acid-induced programmed cell death (AA-PCD) takes place in
yeast, we investigated both cytochrome c release from yeast
mitochondria and mitochondrial coupling over the time course
of AA-PCD. We show that the majority of cytochrome c release
occurs early in AA-PCD from intact coupled mitochondria which
undergo only gradual impairment. The released cytochrome c
can be reduced both by ascorbate and by superoxide anion and
in turn be oxidized via cytochrome c oxidase, thus working both
as a ROS scavenger and a respiratory substrate. Late in AA-
PCD, the released cytochrome c is degraded.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Saccharomyces cerevisiae1. Introduction
The yeast Saccharomyces cerevisiae commits to pro-
grammed cell death (PCD) in response to diﬀerent stimuli
[1,2] including acetic acid treatment (AA-PCD) [3,4]. The
mitochondrial pathway in yeast PCD has been recently re-
viewed [5]. Mitochondria play a major part in that they pro-
duce reactive oxygen species (ROS) and release diﬀerent
proteins into the cytosol including cytochrome c (Cyt c)[6–
10]. Moreover, some mitochondrial functional alterations
such as decrease in cytochrome c oxidase (COX) activity
and in the amounts of COX II subunit and of cytochromes
a+a3 were also shown in AA-PCD [10]. Cyt c release was
shown to involve the ADP/ATP carrier for mitochondrial
outer membrane permeabilization [10,11]. Conversely, bothAbbreviations: AA-PCD, acetic acid-induced programmed cell death;
Cyt c, cytochrome c; COX, cytochrome c oxidase; Fe3+-Cyt c,
ferricytochrome c; KCN, potassium cyanide; PCD, programmed cell
death; RCI, respiratory control index; ROS, reactive oxygen species;
TMPD, N,N,N 0,N0-tetramethyl-p-phenylenediamine
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doi:10.1016/j.febslet.2008.03.048in mammalian and in plant apoptosis, it was shown that
cytochrome c is released early from intact coupled mito-
chondria in the absence of mitochondrial permeability tran-
sition opening [12–15]. Just as the role played by the
released Cyt c remains to be established, there is as yet no
information as to how Cyt c is released en route to AA-
PCD. On the other hand, since homologues of Apaf, the
mammalian apoptosome-associated factor, have not been
found and proteins of similar function have not been de-
scribed in yeast so far [5], it seems unlikely that the mecha-
nisms downstream of cytochrome c release are related to
formation of an apoptosome-like structure and subsequent
activation of the yeast caspase Yca1p, and it is necessary
to investigate other possible roles for released Cyt c in yeast
PCD.
We investigate here release of Cyt c as a function of time in
yeast en route to AA-PCD. We show that release occurs early
in AA-PCD from coupled mitochondria, that the mitochon-
dria only gradually become uncoupled, and that the released
Cyt c can both transfer reducing equivalents to the respiratory
chain and work as a ROS scavenger.2. Materials and methods
2.1. Strains, media, acetic acid treatment and cell fractionation
Saccharomyces cerevisiae strain used in this study was W303-1B
(MATa ade2 leu2 his3 trp1 ura3). Acetic acid treatment of exponen-
tial phase (OD600 = 0.5–0.8) yeast cells and cell viability determina-
tion was performed in rich medium (1% yeast extract and 2%
Bacto-peptone) containing 2% dextrose as in Ref. [3]. Cell homoge-
nates, mitochondria and cytosolic fractions were isolated from AA-
PCD cells or cells without acetic acid treatment (control) essentially
as described in Ref. [16]. Brieﬂy, cells were incubated with zymolyase
20T (MP Biomedicals) 2.5 mg/g of cell wet weight for 1 h at 30 C in
1.2 M sorbitol, 20 mM K2HPO4/KH2PO4, pH 7.4 (SIB) to obtain
spheroplasts. Spheroplasts were harvested by centrifugation for
5 min at 3000 · g, washed once with 1.2 M sorbitol and suspended
in an ice-cold buﬀer containing 0.6 M mannitol, 20 mM HEPES–
KOH, pH 7.4 (MIB) (2 ml/g of starting cell wet weight). Spheroplasts
were homogenized on ice by 30 strokes in a tight-ﬁtting Dounce
homogenizer. From this point on, all operations were carried out
on ice. Homogenate was centrifuged for 5 min at 3000 · g. The super-
natant was stored, and the pellet was re-homogenized as before and
centrifuged at 3000 · g. The supernatants were combined and used
immediately for polarographic measurements. Alternatively, cell
homogenate was used for cytosolic and mitochondrial fraction prep-
aration as described [16]. Protein content was determined according
to Waddel and Hill [17].blished by Elsevier B.V. All rights reserved.
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Twenty microgram of either cytosolic or mitochondrial proteins
were loaded onto a 12% SDS–polyacrylamide gel, separated and trans-
ferred to a polyvinylidene ﬂuoride (PVDF) membrane which was
probed with diﬀerent antibodies: polyclonal anti-cytochrome c, kindly
provided by R. Lill (Philipps-Universita¨t, Marburg), monoclonal anti-
phosphoglycerate kinase (Pgk1p) (Molecular Probes) and polyclonal
anti-acetohydroxyacid reductoisomerase (Ilv5p) kindly provided by
R.A. Butow (University of Texas Southwestern Medical Center, Dal-
las, USA). Immunoblot analysis was performed as in Ref. [13]. Densi-
tometric values for immunoreactive bands were quantiﬁed using a GS-
700 Imaging Densitometer (Bio-Rad Laboratories Inc.). Protein levels
were calculated as a percentage of control cells taken as 100 in arbi-
trary units after normalization based on the amount of Pgk1p or Ilv5p,
for cytosolic and mitochondrial fraction in each lane on the same ﬁlter.
2.3. Cytochrome c peroxidase assay
Cytochrome c peroxidase activity, a marker enzyme of the inter-
membrane space [16], was assayed in cell homogenates (about 2 mg
protein) according to Ref. [18]. Brieﬂy, cell homogenate in 0.6 M man-
nitol, 20 mM HEPES–KOH, pH 7.4 (MIB) was incubated in the pres-
ence of 25 lM cytochrome c, previously reduced with a minimal
amount of Na2S2O4, and absorbance decrease was measured at
550 nm after 180 lM H2O2 addition. Relative enzyme activity was cal-
culated as the percentage of total enzyme activity, taken as 100, mea-
sured in the presence of 1% Triton X-100 to solubilize mitochondrial
membranes.
2.4. Polarographic measurements and cytochrome c assay
Ferricytochrome c (Fe3+-Cyt c) from bovine heart and biochemicals
were purchased from Sigma–Aldrich. O2 consumption was measured
at 25 C in a thermostated water-jacketed glass vessel (ﬁnal volume
equal to 1.5 ml) using cell homogenate (about 2 mg protein) in MIB
containing 0.5 mM phenylmethylsulfonylﬂuoride (PMSF), by means
of a Gilson 5/6 oxygraph using a Clark electrode, as in Ref. [19]. In or-
der to detect functional Cyt c released in the extramitochondrial phase,
the capability of homogenate, containing Cyt c, to oxidize ascorbate100
10
0
10
20
30
40
Control
Cyt c
Pgk1p
Control
 0      30     60     90    150   200   250
Cyt c
Ilv5p
Ilv5p
time (min)
cy
t c
 
pe
ro
xi
da
se
a
ct
iv
ity
 (%
 of
 to
tal
)
 0      30     60     90    150   200   250
 0        30       60       90       150     200
Control
cCyt c
c’Cyt c
mCyt c
A
B
C
D
Fig. 1. Western blot analysis of the released cytochrome c. (A) Cytosolic and
AA-PCD obtained at indicated times were analyzed by Western blotting ana
amount of Cyt c, normalized with antibodies against Pgk1p or Ilv5p (cC
mitochondrial one, normalized with antibody against Ilv5p (mCyt c, light gre
after normalization, as a percentage of control cells, where control cells wer
given. Reported values are the means of triplicate measurements and represe
levels in the control cells, measured by comparing the percentage of protein l
5%. ANOVA and Bonferroni test: statistically signiﬁcantly diﬀerent with *P <
in yeast en route to AA-PCD. The activity of Cyt c peroxidase in the cell hom
as % of the total activity (0.15 ± 0.08 mU/mg prot) measured after solubilizawas checked as in Ref. [20]. The rationale for this approach is de-
scribed in Section 3.
2.5. TUNEL assay
AA-PCD and control cells (10 ml) were harvested after 30, 90 and
150 min incubation with or without acetic acid, respectively. Cells were
ﬁxed, digested with 750 lg/ml zymolyase 20T and transferred into pol-
ylysine-coated wells of a microscope slide as in Ref. [21]. Each well was
incubated at room temperature with 50 ll phosphate buﬀer saline
(PBS) containing 4% paraformaldehyde, 0.01 M NaOH for 60 min,
then with 20 ll of 3% H2O2 in methanol for 10 min, washed with
PBS and incubated with 20 ll fresh permeabilization solution (0.1%
Triton X-100, 0.1% sodium citrate) for 2 min at 4 C, and then with
10 ll TUNEL reaction mixture (In Situ Cell Death Detection Kit,
POD, Roche) for 60 min at 37 C in a humidiﬁed container [22]. Slides
were rinsed with PBS, incubated with anti-ﬂuorescein antibody conju-
gated with peroxidase for 30 min at 37 C, washed with PBS and incu-
bated with 3,3 0-diaminobenzidine tetrahydrochloride (DAB Enhanced
Liquid Substrate System for Immunohistochemistry, Sigma) for
10 min at room temperature following instructions of the supplier.
Colour development of the substrates was observed using an Axioplan
2 microscope (Zeiss) equipped with a 100· objective. Digital images
(200 cells per sample) were acquired with an Axiocam CCD camera
using Axio Vision software.3. Results and discussion
Release of Cyt c from mitochondria of yeast en route to AA-
PCD was ﬁrst determined by immunological assay (ﬁve exper-
iments with diﬀerent yeast preparations) of the cytosolic frac-
tions from yeast cells at AA-PCD times up to 250 min after
acetic acid treatment by using a polyclonal anti-cytochrome
c antibody (Fig. 1A). In parallel, the purity of the cytosolic
fraction was assessed by using a monoclonal antibody against102103
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(C) mitochondrial fractions from either control cells or cells undergoing
lysis as described in Section 2. (B) The histogram reports the cytosolic
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y bars), as quantiﬁed by densitometric scanning of the ﬁlm, expressed,
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0.05, **P < 0.001. (D) Integrity of the mitochondrial outer membrane
ogenate (2 mg of protein) is reported as a function of AA-PCD time,
tion of mitochondrial membranes with 1% Triton X-100.
S. Giannattasio et al. / FEBS Letters 582 (2008) 1519–1525 1521Pgk1p and a polyclonal antibody against Ilv5p, cytosolic and
mitochondrial matrix protein markers, respectively. Probably
as a result of mitochondrial damage during isolation, a low
but constant amount of Ilv5p was found in the cytosolic frac-
tion of both control and AA-PCD cells at all times (Fig. 1A).
Even though a signiﬁcant amount of Cyt c was found in the
cytosolic fraction from control cells, presumably arising from
mitochondrial damage during the fractionation procedure, a
very clear increase in released Cyt c was found in AA-PCD
cells from 60 up to 150 min (140 ± 20% and 134 ± 18% when
either Pgk1p or Ilv5p, respectively, was used to normalize
the amount of cytosolic protein loaded). The amount of Cyt
c detected declined thereafter (Fig. 1A and B). Consistently,
a decrease in the amount of mitochondrial Cyt c, as normal-
ized with Ilv5p, was revealed after 60 min with minimum at
150 min after which it remained constant up to 250 min
(Fig. 1B and C).
To conﬁrm that en route to AA-PCD release of Cyt c occurs
from mitochondria with an intact outer membrane, we assayed
the activity of the cytochrome c peroxidase, a marker enzymeFig. 2. Oxygen uptake dependent on cytochrome c released from mitochond
cells were incubated at 25 C in 1.5 ml of MIB buﬀer in the presence of 3 lM
additions were made at the indicated concentrations: ascorbate (ASC; 5 mM),
AA-PCD cells: homogenates from yeast cells taken at diﬀerent times [(a) t =
route to AA-PCD. (D) Cells taken at 30 min of AA-PCD were used, and Fe3+
AA-PCD were used, and Fe3+-Cyt c (5 lM) was added after ascorbate. Num
O2/min/mg of cell protein from one representative experiment out of ﬁve exof the intermembrane space [16], in the cell homogenates as a
function of AA-PCD time (Fig. 1D). About 15 ± 5% of the to-
tal Cyt c peroxidase activity was detected in cell homogenates
from both control and AA-PCD cells at times up to 150 min.
At 200 min AA-PCD Cyt c peroxidase activity outside mito-
chondria was about 30 ± 3% of the total. This shows that dur-
ing the period of maximum release of Cyt c en route to AA-
PCD there was no time-dependent damage of mitochondria.
To conﬁrm that the Cyt c released during AA-PCD was fully
functional, we resorted to a procedure [20] in which we mea-
sured the rates of oxygen consumption in the presence of
ascorbate (5 mM) by homogenates from control and yeast cells
at diﬀerent times of AA-PCD (Fig. 2). Since ascorbate cannot
cross the outer mitochondrial membrane [23], oxygen uptake
can occur only in the presence of a reducing equivalent accep-
tor able in turn to reduce oxygen via COX, i.e. N,N,N 0,
N 0-tetramethyl-p-phenylenediamine (TMPD) (Fig. 2A) or
commercial Fe3+-Cyt c, a COX substrate (Fig. 2B); in both
cases externally added cyanide (1 mM) blocks oxygen uptake.
We noticed that no oxygen uptake was found in the control inria. (A, B) Control cells: homogenates (2 mg of protein) from control
rotenone, 0.8 lM antimycin A, and 6 lMmyxothiazole. The following
TMPD (0.2 mM) or Fe3+-Cyt c (5 lM) and cyanide (CN; 1 mM). (C)
0 min; (b) t = 30 min; (c) t = 60 min; (d) t = 90 min; (e) t = 150 min] en
-Cyt c (5 lM) was added after ascorbate. (E) Cells taken at 150 min of
bers along the traces are rates of oxygen uptake expressed as natom of
periments with diﬀerent yeast preparations.
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dria were intact and that no release of Cyt c occurred. Very dif-
ferent results were obtained when ascorbate was added to
homogenates from cells en route to AA-PCD (Fig. 2C).
Whereas at 30 min of AA-PCD, the rate of oxygen uptake
was 4 natom of O2/min/mg cell protein (trace b), this increased
dramatically to about 50 natom of O2/min/mg cell protein
90 min AA-PCD (trace d) demonstrating that the Cyt c re-
leased at that time was in an active form. Interestingly, at
150 min AA-PCD, when maximum release of Cyt c occurs
(see Fig. 1A), oxygen uptake drastically decreased to about
4 natom of O2/min/mg (trace e). This could arise either from
loss of activity of the Cyt c or from damage to the mitochon-
dria. To resolve this point, we checked whether externally
added Fe3+-Cyt c, could increase oxygen uptake in the pres-
ence of ascorbate at 30 and 150 min AA-PCD (Fig. 2D). In
the former case, the initial ascorbate-dependent oxygen uptakeCytosol
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addition (25 natom of O2/min/mg), this showing that at this
AA-PCD time mitochondria could already oxidize external
Cyt c. In the latter case, the failure of added Fe3+-Cyt c to
stimulate oxygen uptake shows that mitochondria, in distinc-
tion from those of control yeast (Fig. 2B) and of 30 min AA-
PCD, were functionally incompetent at least at COX level.
In this regard, such a conclusion is in agreement with [11].
In a parallel experiment, we conﬁrmed that the Cyt c released
at 150 min AA-PCD was still active by monitoring its ability to
be reduced by superoxide anion, thus working as a ROS scav-
enger, as in Ref. [24] (Fig. 3 and scheme therein). To do this,
we ﬁrst conﬁrmed the existence of oxidized Cyt c in the yeast
extracts using reduction by dithionite as in Ref. [25] (not
shown). Cell homogenate from either control yeast or from
yeast undergoing AA-PCD up to 200 min, was added with
rotenone, antimycin A plus myxothiazole used to block elec-Cyt cOX
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Fig. 4. Mitochondrial coupling and cell viability en route to AA-PCD.
(A) Homogenates (2 mg of protein) from control cells after 200 min
incubation without acetic acid addition or 150 min AA-PCD cells were
incubated at 25 C in 1.5 ml of MIB buﬀer. The following additions
were made at the indicated concentrations: succinate (SUCC; 5 mM),
ADP (1 mM), cyanide (CN; 1 mM). Numbers along the traces are
rates of oxygen uptake expressed as natom of O2/min/mg of cell
protein. (B) Respiratory control index of AA-PCD (j) and control
(u) cells as well as AA-PCD cell viability (d) at diﬀerent times are
reported. For details see text and Section 2. (C) Kinetics of the
appearance of DNA strand breaks detected using the TUNEL assay in
AA-PCD (black bars) and control (white bars) cells. A photomicro-
graph of images of negative (control) and positive (AA-PCD) staining
of yeast cells at 150 min is shown.No Cyt c reduction occurred in the cytosolic fraction obtained
from control cells. The amount of reduced Cyt c increased with
time from triggering of AA-PCD up to 150 min. It is important
to note that when KCN was omitted no reduction was found,
this showing that once the released Cyt c is reduced it is re-oxi-
dized by oxygen via COX at least up to 90 min AA-PCD (not
shown). We assume that the reduced Cyt c is oxidized at the
contact sites between the mitochondrial membranes which
are known to exist in yeast [26]. As a control, we checked that
very little reduction of Cyt c occurred in the cytosolic fraction
from cells after 150 min of AA-PCD incubated in the presence
of superoxide dismutase (SOD) (50 U), used as a ROS scaven-
ger. After 200 min AA-PCD the amount of reduced Cyt c re-
turned to control level. By plotting the amount of the
reduced Cyt c at the completion of the reaction against PCD
times, a sigmoidal-like curve was found (see inset in Fig. 3).
Having ascertained that release of Cyt c occurs from mito-
chondria which basically retain their cytochrome c peroxidase,
i.e. from mitochondria not undergoing outer membrane per-
meabilization and/or time-dependent damage, we investigated
whether and how mitochondrial coupling might change en
route to AA-PCD. To do this, we measured oxygen uptake
caused by 5 mM succinate in state 4 and 3 (i.e. in the absence
and presence of 1 mM ADP, respectively) as shown for control
cells and for cells at 150 min of AA-PCD in Fig. 4A. We then
plotted the respiratory control index (RCI), i.e. the ratio of the
rate of oxygen uptake in state 3 and 4, which mirrors mito-
chondrial coupling, as a function of AA-PCD time. The RCI
of the control cells stayed relatively constant (2.7–2.5), but that
of the cells undergoing PCD decreased with time being 2 at
90 min and 1 at 150 min of AA-PCD (Fig. 4B). Measurements
made in parallel of cell survival show that it was 40% of the
control at 90 min of AA-PCD, as in Ref. [4,27], when mito-
chondrial coupling was somewhat reduced, but the cells
retained partial ability to produce ATP by oxidative phosphor-
ylation. As a control that cell death occurs via PCD, the frag-
mentation of DNA in the nucleus, a typical hallmark of PCD,
was also examined in situ by using TUNEL assay (see Section
2) (Fig. 4C). TUNEL-positive nuclei were detected in AA-
PCD cells with the percentage increasing up to 40% at
150 min, whereas the nuclei of control cells remained unstained
or only slightly stained over the same time interval.4. Conclusions
The release of cytochrome c from mitochondria of yeast
undergoing apoptosis has been widely investigated essentially
by using genetic methods [5]. Our approach was diﬀerent.
We investigated release of Cyt c and changes in mitochondrial
coupling in yeast cells as a function of time during AA-PCD,
and sought to assign the role/s to the released Cyt c, which is
probably not involved in yeast apoptosome formation [5].
The picture emerging from this and related studies is as fol-
lows. Early ROS production occurs in AA-PCD in a manner
modulated by catalase and SOD [4,28,29]. Release of Cyt c oc-
curs with a lag starting at 60 min of AA-PCD (see inset in
Fig. 3), when 60% cells remain alive (Fig. 4B), and is complete
at 150 min. Release occurs from mitochondria that are still in-
tact, not undergoing outer membrane permeabilization (Figs. 1
and 4B). Thus, the yeast mitochondrial unselective channel
[14,15] does not play a role in Cyt c release, as already shown
1524 S. Giannattasio et al. / FEBS Letters 582 (2008) 1519–1525for the mitochondrial permeability transition pore in Cyt c
release in cerebellar granule cells apoptosis [30]. Consistently,
using genetic methods, it was shown that deletion of the yeast
orthologue of the mitochondrial cyclophilin, which is a puta-
tive component of the mitochondrial permeability transition
pore, had no eﬀect on AA-PCD [11]. We also show that, at
least up to 90 min of AA-PCD, the mitochondria from which
Cyt c has been lost can still maintain electron ﬂow coupled to
ATP synthesis; this may be driven by an electron proton
gradient derived from released Cyt c oxidation as in Ref.
[31]. Consistently, the released Cyt c is in an active form since
it can transfer reducing equivalents from ascorbate and/or
from ROS to mitochondria thus working as a ROS scavenger.
In both cases, the reduced Cyt c can be oxidized by oxygen via
COX (Fig. 3). In this respect, Cyt c release in yeast mirrors that
found in cerebellar granule cells [20]. Notice that the capability
of the released Cyt c to work as an antioxidant has been
already proposed in Refs. [24,32]. At a late stage, there is a
gradual decrease in mitochondrial coupling with a dramatic
impairment of COX, due to ineﬃcient COX assembly in the
absence of Cyt c as already shown in Ref. [33] and/or perhaps
due to lipid peroxidation [34] (Fig. 2). Under these conditions
oxidative phosphorylation is blocked. Finally, released Cyt c
is apparently degraded as judged by a decrease in immuno-
precipitation (Fig. 1), as also reported in Ref. [13], but at this
stage the possible involvement of YCA1 remains to be investi-
gated.
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